A complete global balance for carbon in JET requires knowledge of the net erosion in the main chamber, net deposition in the divertor and the amount of dust and flakes collecting in the divertor region. This paper describes a number of measurements on aspects of this global picture. Profiler measurements and cross section microscopy on tiles that were removed in the 2009 JET intervention are used to evaluate the net erosion in the main chamber and net deposition in the divertor. In addition the mass of dust and flakes collected from the JET divertor during the same intervention is also reported and included as part of the balance.
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Comparison of JET main chamber erosion with dust collected in the machine in that all surfaces with direct interaction with the confined plasma were made from carbon, either as graphite or latterly carbon fibre composite (CFC). Just over half of the vessel was covered in carbon tiles and the remaining uncovered area was the inconel vacuum vessel. In 2010 JET was converted to an all metal device such that all surfaces interacting with the plasma are now beryllium and tungsten. This new configuration is known as the ITER-like Wall (ILW) since it is designed to demonstrate the differences in transport and hydrogen isotope retention between the two scenarios and to help predict the behaviours of ITER in these respects. In order to complete the transition from an all carbon to all metal wall all CFC tiles were removed and replaced with Be, Be-coated inconel or W coated CFC tiles in the main chamber and W coated CFC with one row of solid W tiles in the divertor. As with other JET interventions a set of tiles removed from the vessel have been made available for analysis. The complete refurbishment also provided a unique opportunity to collect dust and flakes found in the divertor as all the divertor carriers were removed from the vessel.
There are many references on JET and other machines discussing material migration based on post mortem analysis of tiles and passive diagnostics, however many do not bring data together to give an overall global picture. An overview on erosion/deposition studies on JT60U [1] concludes that net deposition exceeds net erosion in the divertor which in turn implies that the carbon source for deposits comes predominantly from the main chamber, although evaluation of the main chamber source is not discussed. Data for TEXTOR [2] shows a balance with limiter plasmas with the main source of erosion being the toroidal belt limiter and the main deposition areas being the toroidal belt limiter and other "obstacles" in the scrape off layer. Other particle balance exercises have been presented, for example the Deuterium Inventory in Tore Supra (DITS) programme which extensively reported erosion/deposition from post mortem analysis of tiles in Tore Supra to investigate fuel retention [3] .
In this paper the mass of carbon eroded in the main chamber of JET is compared with the mass of carbon found in the form of deposits and dust/flakes in the divertor. In addition an estimate of the carbon source is determined from spectroscopy of the CIII line in the main [4] where errors in the balance between the main chamber source determined from CIII spectroscopy and the deposits found on divertor was within a factor of two.
Experimental Details
The erosion and deposition of inner wall guard limiter (IWGL) tiles, outer poloidal limiter (OPL) tiles and dump plate tiles from the main chamber and tiles constituting a poloidal divertor cross section has been measured by profiling the surfaces of a set of tiles before and after exposure in the vessel. Figure 1 shows the poloidal location of the tiles analysed for this paper. Each IWGL location is made up from a pair of tiles; a left hand and a right hand tile (looking to the centre of the machine 3 has been used for the co-deposit [5] [6] and a density of 1.65 g/cm 3 has been used for erosion from the CFC tiles -this is an average value for batches of Dunlop CFC material.
The mass of eroded/deposited carbon is scaled with the number of similar tiles found in the vessel to give values for the whole vessel.
In addition to the results from the tile profiling, information on deposition has also been obtained from the optical microscopy of cross sections of cores cut from tiles. This has enabled the deposition results from the tiles profiled to be bench-marked against the core samples thus providing a calibration and giving confidence in the erosion assessment or may have bypassed the cyclone (due to the mass of the particle) and be captured in the dust bag; (ii) 11/12ths of the divertor area was vacuumed in 5 out of 6 samples, only the inner and outer louvre region was vacuumed in its entirety; (iii) some surfaces have been vacuumed in previous interventions, i.e. there is a range of histories for different surfaces.
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In order to compensate for (i) the tritium off-gas rates for each of the six dust samples collected into the cyclone pots was measured. From this the specific off-gas rate (Bq / day / g) for each of the six dust/flake samples was determined. Using the specific off-gas rate for the dust/flake samples it was possible to determine the mass of material trapped in the hose, cyclone and dust bag associated with the sample from off-gassing assessments of this equipment, thus providing an additional contribution to the overall mass collected. The specific off-gas rates varied from < 1 GBq/g for the sample from the vertical inner divertor tiles (HFGC, Tile 1 and Tile 3) to 62 G Bq/g for the base tiles at the inner divertor (Tile 4).
Based on these values trapped dust/flakes in the vacuum hose and cyclone was typically <1%
of the total mass collected in that sample. In comparison the mass of dust/flakes in the vacuum bag was considerably higher, ranging from <10% to >30% of the dust collected in the corresponding sample pot.
During the vacuuming of the tile surfaces twenty two of the twenty four JET divertor modules (i.e. 330° of the divertor) were vacuumed. The remaining two modules (one from octant 1 and the one from octant 5) were reserved for post mortem analysis and thus the tile surfaces were preserved. The surface area was scaled accordingly to take account of this.
The sample from the divertor louvres was taken from 360°. 
Results
Erosion and deposition of IWGL tiles from the horizontal mid-plane and from the lower end of the inner limiter have been evaluated by profiling and cross section microscopy.
The results indicate that a total of 1.75 g of carbon has been eroded from the mid-plane limiter tile pair (i.e. both left and right hand tiles) and 0.40 g has been deposited at the edge of the tile pair in the region beyond the last closed flux surface as shown in [9] , resulting in net erosion of 1.35 g. For a tile pair lower down the inner limiter a net deposition of 0.30 g is observed.
This is comprised of net deposition of 0.25 g with no erosion on the left tile (i.e. with plasma current) and net deposition of 0.05 g made up of 0.20 g of deposit and 0.15 g of erosion on the right tile. Similar results from IBA were observed in [9] whereby the left tile of the bottom 8 limiter pair was dominated by deposition and the right tile was dominated by erosion. These IBA results also indicate that the reverse pattern of erosion and deposition is observed at the top of the limiter. Taking the result for both mid-plane and lower tile pairs, estimates for the total erosion, total deposition and net erosion at the IWGLs in the main chamber are estimated and summarised in Table 1 . This assumes that the bottom three tile pairs and the top three tile pairs of the nineteen tile pairs making up an IWGL beam are subject to net deposition of 0.30 g and the remaining sixteen tile pairs are subject to net erosion of 1.35 g, as described above, and that there are sixteen IWGL beams in the JET vessel.
For an OPL tile pair (i.e. top and bottom tiles) also situated at the mid-plane of the main chamber there is a total deposition of 0.05 g and total erosion of 0.19 g giving a net erosion of 0.14 g. The net carbon source due to erosion from the outer limiter, assuming the result for this one tile and taking into account forty five OPL limiter pairs on each of twelve limiter beams is 72 g, Table 1 . However the profiler results for this tile are subject to some Table 1 .
Results for the total erosion, total deposition and net erosion/net deposition taking into account the number of tiles of each type found within the divertor are also shown in Table 1 .
Profiler results for Tiles 4, 6, 7 and the Load Bearing Tile (LBT) have been evaluated. Data . This is also supported by results presented in [12] . Based on the results available the net deposition onto tiles in the divertor is 533 g. The 28 g of locally re-deposited carbon observed on the OPL tiles from tile profiling data indicates that the interaction area of the plasma with the outer limiters during the limiter phases is less than that of the IWGLs. It is generally true that plasmas are established at the inner limiter rather than the outer limiters. However if the CIII signal were to take into account a wetted area from the OPLs then the carbon source from the main chamber would be even greater and would account for the locally re-deposited material on the outer limiter tiles.
It should be noted that although a strong interaction between the limiters and the plasma during the limiter phase is expected the total amount of erosion attributed to the limiter phase (i.e. assumed to equal the net deposition on the limiters) is only 20 -30% of the total erosion found on the limiters for the entire operating period (i.e,. limiter and X-point phases). This either indicates (i) further erosion of the limiters occurs during the X-point phase or (ii) the amount of deposit found on the limiters as a result of local re-deposition is not directly representative of erosion during the limiter phase and that eroded material migrates further around the machine or to the divertor on X-point formation or (iii) the amount of locally re-deposited material is representative of erosion and has been under estimated by the analysis techniques. The first supposition is expected to be the case.
In order to determine the main chamber carbon source during the X-point phase from the spectroscopy signal the whole plasma area of 139 m 2 is used, giving ~2000 g of eroded carbon. During the X-point phase this mass of carbon will migrate from the main chamber into the divertor. This mass of carbon is a factor of 2-3 times higher than the net deposition observed in the divertor and the mass of dust/flakes collected, 533 g and 300 g respectively.
Discussion
The carbon balance of JET in the period 2007 -2009 can be considered as the balance of net erosion in the main chamber = net deposition in the divertor + dust/flake collected in the divertor + remote carbon. The net erosion of the main chamber tiles has been evaluated from profiling and optical microscopy of tiles giving a value of 436 g. It is assumed that net eroded material from the main chamber will be deposited in the divertor during the X-point phase, whereas the difference between the gross and net eroded material will be locally redeposited on the limiters during the limiter phase. Based on this assumption the net eroded material from the main chamber can be compared to the erosion sources determined using the spectroscopy signal during the X-point phase, which is ~2000 g. Deposition and dust/flakes in the divertor give a net deposition value of 833 g. Clearly there are some discrepancies arising in this balance. A comparison shows that the spectroscopic carbon source calculated for this operating period is somewhat higher than calculated for previous operating periods. An additional source of error is the choice of density for the deposited carbon layers.
The density of deposited carbon may be lower (0.8 g/cm 3 [6] ) than used in these calculations, 1 g/cm 3 [5] . This would increase the net erosion from the main chamber to 485 g (an increase of 10%) and decrease the net deposition in the divertor to 412 g (a decrease of >20%), bringing the balance closer. In fact it is likely that the density of re-deposited carbon varies depending on where it is found in the machine and the operating conditions. Clearly the variation in density of the deposited material has an effect on the overall picture of the carbon balance.
These results indicate that the net erosion source from the main chamber determined from profiling may be underestimated. In order to account for the discrepancy (200 -300 g)
an additional erosion depth of >30 µm would need to be eroded across the main chamber (assuming 10 m 2 interaction area). This amount of erosion would be resolvable from the profiler measurements as variations of ± 10 µm (equivalent to 100 g of carbon) can be detected. Therefore errors from tile profiling data could account for 33 -50% of the discrepancy.
Whilst individually these errors do not compensate for the discrepancy between the main chamber erosion and divertor deposition a combinations could account for a significant amount of the 200 -300 g difference.
Another factor of interest from this analysis is the conversion factor from deposit to dust/flakes. Based on the results for total deposition in the divertor the conversion rates are up to 36%. The conversion factor is likely to vary depending on the thickness and stability of the deposits formed. For example from the inner vertical divertor tiles, including the heavily deposited horizontal surface on Tile 1, 115 g of dust/flakes were collected. The deposit on this surface reaches its critical thickness of 120 µm in a typical operating period and does not increase when tiles are left in for more than one operating period [10] . Therefore for the majority of tiles in the tile 1 location a conversion factor of 100% with a calculated mass of This would decrease the conversion factor.
Conclusion
The main chamber net erosion (436 ± 100 g) and divertor net deposition plus dust/flakes (up to 833 g) determined experimentally agree within a factor of two. After considering the errors in scaling discussed in section 4 an agreement within a factor of two is acceptable. Further evaluation of the profiling data by comparison with cross sectional 16 microscopy data is on going and may bring the balance closer together. The main chamber carbon source from spectroscopy is estimated to be as high as 2000 g. This is somewhat larger than for previous campaigns [4] . An explanation for these differences has not been identified. In addition it has not been possible to provide quantitative data on remote carbon which may contribute to complete the global picture. Whilst the carbon balance is not exact the results continue to support the picture of carbon eroded in the main chamber and being transported via the scrape off layer into the divertor. These results provide a benchmark for comparison of erosion and deposition between the all carbon and all metal scenarios in JET.
Beryllium and tungsten main chamber tiles and tungsten divertor tiles from the "all metal" ILW wall will be removed during the 2012 JET intervention and analysis will start in 2013.
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